[1] Interplanetary (IP) shocks disturb the magnetosphere-ionosphere system resulting in geosynchronous magnetic field changes and sudden impulses observed by ground-based magnetometers. We extend the implications of a previous statistical study and show that sudden impulses (SIs) can be used to estimate some parameters at the L1 point and geosynchronous orbit, including the change of the square root of solar wind dynamic pressure across the shock and the associated geosynchronous magnetic field changes near the subsolar region. It should be pointed out that the relationship between magnetospheric field change and SIs amplitude and the solar wind dynamic pressure is not a single valued one, but a statistical relationship is useful in cases when interplanetary data are not available. Empirical formulae deduced from observations can be used to estimate certain IP shock characteristics and geosynchronous magnetic field changes from sudden impulse data observed on the ground, with the prediction efficiency as high as 90% and 86%, respectively. These estimates are useful for studying historic, pre-space era data or if the L1 and geosynchronous data are not available at some future time. 
Introduction
[2] Interplanetary (IP) shocks are accompanied by large changes in the solar wind dynamic pressure and thus significantly affect the magnetosphere and perturb the magnetosphere-ionosphere system. The manifestations of those disturbances include changes in the magnetic field at geosynchronous orbit and sudden impulses (SIs) observed by ground-based magnetometers.
[3] Observations show that almost all sudden impulses are caused by IP shocks, with the positive SIs caused by fast forward interplanetary shocks [Siscoe et al., 1968; Smith et al., 1986] and the negative SIs caused by fast reverse interplanetary shocks [Akasofu, 1964; Nishida, 1978] . A physical model of the geomagnetic sudden commencement/ impulse has been proposed by Araki [1994] . Quantitative studies reveal a good correlation between the SI amplitude at the low-latitudes stations at noon and the change in the square root of the solar wind dynamic pressure at the shock/ discontinuity [Russell et al., 1992 [Russell et al., , 1994a [Russell et al., , 1994b . Wang et al. [2006] surveyed interplanetary shocks and storm sudden commencements (SSCs) observed between 1995 and 2004 and found that about 75% of SSCs are associated with IP shocks. SSCs are the sudden rises in magnetic field strength at the beginning of the initial phase of a geomagnetic storm, whereas sudden impulses can also occur during the main phase of a storm or even outside the interval of a storm period.
[4] Wang et al. [2009] performed a statistical survey of the relation between geosynchronous magnetic field changes and sudden impulses to interplanetary shocks observed from 1998.02 to 2005.04. They found 216 of the 250 IP shocks (or ∼88%) produced geosynchronous magnetic field responses observed by GOES satellites and SIs as detected by the change in the SYM-H index. The change of the square root of the solar wind dynamic pressure across an IP shock and the change of the associated magnetic field (DB z ) at geosynchronous orbit in the subsolar region (9 to 15 h local time) are both strongly correlated with the amplitude change of sudden impulses (DSYM-H) on the ground. Therefore, the groundbased geomagnetic field observations of SIs can be used to estimate some parameters of an IP shock such as the change of the solar wind dynamic pressure across the shock and the enhancement of the geosynchronous magnetic field near the subsolar region. Although the relationship is not one to one, some statistically important information can be gained by such studies. These estimates are useful and important for 1 studying historic events before the space era using the existing archived geomagnetic field observations and could be used if the spacecraft data are not available in the future. Section 2.1 derives the empirical formulae relating the SYM-H index data to IP shocks and geosynchronous parameters based on observations from 1998.02 to 2005.04 [Wang et al., 2009] . Section 2.2 tests the predictive capability of these formulae using observations from 2005.04 to 2008.09. The summary is given in section 3.
Results

Empirical Formulae
[5] As described in Wang et al. [2009] , we identified IP shocks at the L1 point in the spacecraft ACE 64 s timeresolution solar wind data (http://www.srl.caltech.edu). Then we calculated the key parameters, such as the shock speed and strength, for each shock. The approach to find IP shocks and calculate shock parameters can be found in our previous work [Wang et al., 2009] . The shock list could be found in Table A1 in Appendix A. Please note that sharp discontinuities with pressure pulses are not necessarily shocks, which should satisfy the Rankine Hugoniot relationship and the up-stream Mach number has to be greater than 1. We discard events with Mach number less than 1 in our statistical study. The 1 min resolution magnetic field data from the spacecraft Geostationary Operational Environmental Satellite 8 (GOES-8), GOES-9, GOES-10, GOES-11, and GOES-12, all at geosynchronous orbit (http://goes.ngdc.noaa.gov) were searched to identify the disturbances caused by IP shocks. Most of the geosynchronous magnetic field responses are observed by two or more GOES satellites. The geomagnetic indices SYM-H [Iyemori, 1990] , which is essentially the same as the hourly Dst index except that the SYM-H index provides 1 min time resolution (http://swdcwww.kugi.kyotou.ac.jp), is used to determine the amplitudes of SIs and their association with IP shocks. The data sets from the time period of 1998.02 to 2005.04 are used to derive the empirical formula between the SYM-H index and (1) the change of the square root of the solar wind dynamic pressure across the shock and (2) the change of the geosynchronous magnetic field. The observations made during time period of 2005.04 to 2008.09 are used to check the validity of these relations.
[6] We identified a total of 250 IP shocks in ACE data from 1998.02 from 2005.04; 216 or ∼88% of these shocks caused responses in the geosynchronous magnetic field that were observed by GOES satellites. Furthermore, all of the 216 IP shocks that generated changes in the geosynchronous magnetic field also caused changes in the SYM-H index.
[7] We define the time period from the arrival time of an IP shock at the L1 point and the start time of the associated SI as the time lag (or time delay) Dt. We choose these 216 IP shocks to perform a statistical study to investigate the relationship between the amplitude of the sudden impulse (DSYM-H) and the time lag Dt. DSYM-H is calculated as the difference of the initial SYM-H before a SI and the maximum value of SYM-H during it. Figure 1 shows the distribution of the observed Dt, which is roughly Gaussian; the coefficient of determination is 0.987. The time lag Dt ranges from 15 to 70 min, with an average of ∼44 min. About 80% Dt are between 30 and 60 min.
[8] Figure 2 shows that as DSYM-H increases, roughly speaking, the time lag Dt becomes shorter, although the linear correlation is not strong. This result is not a surprise, since the time lag Dt depends on several factors, including the shock propagation speed, orientation, and the distance from the L1 point to the magnetopause, which is mainly determined by the solar wind dynamic pressure, whereas DSYM-H is a function of upstream and downstream densities and velocities at the IP shock. There exists no linear relationship between these two variables, in fact, there should not be any unique relationship between the strength of SIs and the time lag. Therefore, we cannot make a reliable estimate of the time lag just based on DSYM-H observations unless more information is included. [9] As obtained in Wang et al. [2009] , the correlation coefficients between the amplitudes of sudden impulses (DSYM-H) and the change of square root of solar wind dynamic pressure (D ffiffiffiffiffi
.69, and 0.69 for the upstream solar wind dynamic pressure P d1 ranges 0.0-1.5, 1.5-2.5, and 2.5-4.0 nPa, respectively. The empirical formulae for the amplitude of the sudden impulses (DSYM-H) and the change of the square root of solar wind dynamic pressure across IP shocks can be written as: and it can be rewritten as
It might be expected SYM-H responses to solar wind dynamic pressure changes during storm times are not as simple as those during nonstorm times; however, we see no significant difference in relationship between D ffiffiffiffiffi P d p and DSYM-H for cases where Dst <−30 nT and cases where Dst >−30 nT.
[10] As shown in Wang et al. [2009] , the change of the geosynchronous magnetic field z component and the amplitude of sudden impulses (DSYM-H) are highly correlated, with a correlation coefficient of 0.86, probably because they are both mainly driven by changes in the Chapman-Ferraro current in the subsolar region (9-15 h local time). The empirical formula relating to DSYM-H on the ground and DB z at geosynchronous orbit near the subsolar region can be written as
[11] The above equation can be rewritten as
[12] Therefore, we can roughly estimate the change of the square root of solar wind dynamic pressure across an IP shock and the change of the geosynchronous magnetic field near the subsolar region from the ground geomagnetic observations of SIs, by using equations (1) and (2), respectively. We next use observations between 2005.04 and 2008.09 to check the validity of these formulae.
Statistical Test
[13] During the time period of 2005.04-2008.09, we identified 46 IP shocks in the ACE solar wind data. All of these shocks resulted in geosynchronous magnetic field disturbances and corresponding effects in the SYM-H index. We use these 46 events to estimate shock and geosynchronous parameters based on the empirical formulae obtained above and compare these estimations with the observations.
[14] Figure 3 shows the distribution of the observed Dt for the time period of 2005.04-2008.09. The time lag Dt ranges from 20 to 60 min, with an average of ∼46 min, which is consistent with the results for the time period of 1998. 02-2005.04 . Even though we can not estimate accurately the time lags Dt based on the ground geomagnetic observations, we know roughly the range and distribution.
[15] Figure 4a shows the predictions of the change of the square root of solar wind dynamic pressure across the IP shock derived from equation (1). The solid line indicates the perfect match. The parameter R is the linear correlation coefficient and PE is the prediction efficiency. We adopt the prediction efficiency (PE) [Agterberg, 1984] to quantify the accuracy of the estimated value compared with the measurement, which is defined as:
The residual is the difference between the measured data and the estimation. In order to give a more intuitive comparison of the estimations with the observations, Figure 4b compares the estimated D ffiffiffiffiffi P d p from equation (1) (solid line) with the measurements (points). The estimations are in good agreement with the observations, with a efficiency of 90% and a linear correlation coefficient between the estimations and the data of 0.95.
[16] As an example of the use of these formulae, we apply equation (1) to the September 1859 super magnetic storm, the first recognized space weather event Cliver and Svalgaard [2004] . In an attempt to reproduce the geomagnetic disturbance, Li et al. [2005] input an extremely large solar wind density enhancement of almost 40 particles/cm 3 , moving at about 1200 km/s. Before the arrival of the shock, the solar wind had a density of 5 particles/cm 3 , moving at 450 km/s. The variation of the square root of the dynamic pressure was then calculated to be about 8.51 nPa −1 . The calibrated and reduced Colaba (Bombay/Mumbai) magnetic data for the 1-2 September 1859 storm revealed the peak initial phase amplitude was about 120 nT [Tsurutani et al., 2003] . By the use of equation (1), the change of the square root of solar wind dynamic pressure across this shock is estimated to be 6.72 nPa 1/2 , ∼20% lower than the value (8.51 nPa 1/2 ) inferred by Li et al. [2005] . The difference might come from the contribution from the southward IMF (Interplanetary Magnetic Field) and the uncertainties about the estimation of the solar wind parameters.
[17] Figure 5 plots the estimations of the change of geosynchronous magnetic field (DB z ) near the subsolar region (9-15 h local time) using equation (2) with the DSYM-H as input against the measurements. Once again, the estimations are in good agreement with the observations, with an efficiency of 86% and a linear correlation coefficient between the estimations and the data of 0.95.
Summary
[18] Interplanetary (IP) shocks disturb the magnetosphereionosphere system in a significant way, resulting in geosynchronous magnetic field changes and sudden impulses observed by ground-based magnetometers. In this study, we use the amplitude of sudden impulses (DSYM-H) observed on the ground to estimate some parameters at the L1 point and geosynchronous orbit. These estimates are of particular use in studying events before the space era and could provide proxies for future times if we do not have spacecraft at the L1 point and at geosynchronous orbit. However, the reader should note that there is not a unique solution and these are statistical estimates.
[19] We use 250 IP shocks identified in the ACE data between 1998.02 and 2005.04. Two hundred sixteen or ∼88% of these shock events caused geosynchronous magnetic field changes observed by GOES spacecraft and all these 216 IP shocks caused sudden impulses observed on the ground. We used these 216 cases to derive empirical relations between the SI amplitude(DSYM-H) and (1) the time lag Dt (the time lag ranges from 15 to 70 min, which has weak correlation with the SI amplitude (DSYM-H) on the ground), (2) the change of the square root of the solar wind dynamic pressure across an IP shock D ffiffiffiffiffi
and (3) the geosynchronous magnetic field z component DB z in the subsolar region (9-15 LT)
[20] To check the validity of these relationships, we identified 46 IP shocks observed by ACE from 2005.04 to 2008.09. All of these shocks produced geosynchronous magnetic field disturbances and corresponding effects in the SYM-H index. The estimations for change of the square root of solar wind dynamic pressure across an IP shock (D ffiffiffiffiffi P d p ) at the L1 point and the geosynchronous magnetic field z component (DB z ) in the subsolar region (9-15 h LT) are in good agreement with observations, with the efficiencies of 90% and 86%, respectively. Most of the time lags are in the range of 30 to 60 min. In this way, we could use the sudden impulses (SIs) observed on the ground to make estimate of conditions at the L1 point and at geosynchronous orbit. If the SI amplitudes at the low-latitudes stations near the noon instead of the SYM-H index are used, it could be expected that the prediction efficiencies would be improved, which will be investigated in our future work.
Appendix A: The List of Interplanetary Shocks Observed by ACE
[21] Using the ACE 64 s time resolution solar wind data, we apply an autosearch computer program to find potential interplanetary shocks (IP shocks) and shocklike solar wind structures and then visually inspect each event during 1998.02-2008.09. The shock parameters are calculated by using the shock fitting procedure proposed by Lin et al. [2006] . The shocks are listed in Table A1 .
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